Radical co-and terpolymerizations of norbornene (NB) derivatives and maleic anhydride (MA) were in situ monitored in dioxane-d8 at elevated temperatures by ' H nuclear magnetic resonance (NMR) spectroscopy. The 5-substitution on norbornene reduces the polymerization rate. The endo and exo isomers of t-butyl norbornene-5-carboxylate are incorporated in the polymer at the same rate. In terpolymerization involving methacrylic monomers (t-butyl methacrylate, methacrylic acid), the third homopolymerizable monomer is much more rapidly incorporated in the polymer, with the ratio of NB to MA in the polymer significantly deviating from 111. This observation indicates that the commonly believed chain transfer (CT) mechanism is unfounded. In contrast, acrylic acid and t-butyl acrylate are more uniformly incorporated in the terpolymer. Another evidence against the CT polymerization was obtained by applying the mercury method to analyze the monomer reactivities using gas chromatography. UV absorption of MA-NB polymers at 193 nm tends to be fairly high, which is a compounded effect of modest intrinsic absorption of the anhydride structure itself and a significant contribution from the polymer end group. The anhydride ring can undergo hydrolysis during development when the matrix is polar enough to allow aqueous base penetration, which could enhance the development contrast but the anhydride hydrolysis could lower the storage stability.
Introduction
There are three major platforms available for the design of 193 nm single layer resists; polymethacrylates, polycycloolefins, and alternating copolymers of maleic anhydride (MA) with norbornene (NB) derivatives. The dry etch resistant alicyclic structure is pendant in the case of the polymethacrylate systems and incorporated in the back bone in the latter two cases. The discovery that the alicyclic structure provides UV transparency at 193 nm and dry etch resistance' has promoted an interest in polymerization of norbornene derivatives. While transition-metalinitiated polymerization of norbornenes has been successfully utilized in preparation of cycloolefin polymers consisting of all norbornene repeat units,2,3 radical polymerization of norbornenes has attracted a more wide spread attention because of the ease of the polymerization procedure. However, norbornenes are very sluggish in radical polymerization and can be only copolymerized with electron-deficient monomers such as MA48 (and sulfur dioxide9) to provide alternating copolymers. However, the polymer yield tends to be low. 9 The copolymerization of norbornenes with MA has been known for many years10" but the details are not well understood. The NB-MA co-and terpolymerizations are commonly believed to always produce polymers containing equimolar concentrations of NB and MA through formation of a charge transfer (CT) complex between electron-poor MA and electron-rich NB (Scheme I), even when a homopolymerizable third monomer is added.4,6"2 While the composition and sequence distribution of co-and terpolymers have a profound impact on the dissolution behavior of resist films, only feed ratios are reported in many cases due to difficulty in composition analysis of all aliphatic cycloolefin polymers by NMR.
In an attempt to gain some insights into the copolymerization mechanism, polymer composition, and sequence distribution, we have taken two approaches; in situ monitoring of the copolymerization kinetics using 1H NMR13 and analysis of the reactivities by gas chromatography (GC) on the basis of the mercury method. 14 In addition to the polymerization mechanism, the MA-NB systems raise interesting and fundamental questions; 1) is the relatively high optical density at 193 nm inherent to the anhydride structure, 2) is the anhydride ring hydrolyzed during aqueous base development?
This paper attempts to address these fundamental issues associated with the MA-NB copolymer systems.
2. Experimental 2.1. Materials MA and unsubstituted NB obtained from Aldrich were purified by sublimation. t-Butyl 5-norbornene-2-carboxylate (NBTBE) was a generous gift from the BF Goodrich Company and had >98 % purity by GC. AIBN was purified by recrystallization. Cyclohexylmercuric chloride was synthesized by reacting cyclohexylmagnesium chloride with mercury chloride and purified by recrystallization) 5 The casting solvent employed in this study was propylene glycol methyl ether acetate (PMA, PGMEA). The tetramethylammonium hydroxide (TMAH) aqueous developer was CD-26 (0.26 N).
Copolymerization Kinetics Analysis by 'H NMR
Dioxane-dg was used as a polymerization solvent and as a NMR solvent for the kinetics studies.
Oxygen removal and elevated temperatures required for polymerization resulted in longer relaxation times T1. The longest T, measured was 115 sec (at 84 °C) for the residual protons in dioxane-dg and MA showed a very long T1 of 91 sec at 84 °C. NMR parameters were set, considering the measured T, values, to achieve 98.5-100 % z-axis magnetization recovery.
A representative example of the NMR kinetics procedure was as follows.
MA (0.0395 g, 0.400 mmol), NB (0.0372 g, 0.395 mmol), and AIBN (0.0040 g, 0.024 mmol) were dissolved in 0.5215 g of dioxane-dg in a small vial. The solution was transferred into a 5-mm-t NMR tube, which was then connected to a high vacuum line. After three freeze-thaw cycles, nitrogen was introduced into the tube to 1 atmospheric pressure and the tube was flamesealed. The nitrogen back-fill was required to prevent selective evaporation of NB into the head space of the tube at elevated temperatures. The NMR tube was placed in a 300 MHz 1H NMR probe (Broker AC300) at room temperature and free induction decays recorded to quantify the initial concentrations of the monomers and AIBN. The sample tube was removed and the probe heated to 84 °C. The sample was reintroduced after the probe temperature equilibrated and free induction decays recorded every 30 min for about 24 hrs. NMR spectra thus obtained were then processed for quantitative analysis by integration. Integration of the whole resonance range and the dioxane peak remained constant throughout the kinetics runs, confirming the quantitative nature of our measurements.
The peak intensities were normalized to the integration value of the dioxane resonance at 3.53 ppm. Copolymer yields and compositions were calculated from the monomer consumption data.
Scheme
I Radical polymerization of NB and MA 2.3. GC Analysis of Cyclohexyl Radical Addition According to Giese,14 MA and NBTBE were competitively reacted with a cyclohexyl radical generated by treating cyclohexylmercuric chloride with sodium borohydride in dichloromethane at room temperature and the reaction was analyzed on a Hewlett-Packard 5 890 gas chromatograph equipped with a methyl silicone column (5 m x 0.53 mm). Calibration curves were prepared for the monomers and an authentically-prepared cyclohexyl adduct of MA.16 t-Butylbenzene was used as an internal reference.
Measurements
Quantitative 13C NMR was run in acetone-d6 or in dioxane-dg to determine polymer compositions in an inverse-gated 'H-decoupled mode using Cr(acac)3 as a relaxation agent on a Bruker AF250 spectrometer (62.9 MHz carbon) at room temperature. IR spectra were recorded on a Nicolet 510 FT-IR spectrometer on a film cast on a KBr plate or undoped Si wafer.
A quartz crystal microbalance (QCM) was employed to study the kinetics of dissolution or swelling of polymer films in an aqueous base developer in a fashion similar to the reported procedure. 17 The crystals employed in this study had an inherent frequency of about 5 MHz. A Maxtek TPS-550 sensor probe and PI-70 driver were used in conjunction with a Phillips PM6654 programmable high resolution frequency counter and an IBM PC. The instrument was controlled and data were collected by a custom-made LabView software program.
UV absorption of polymer films cast on quartz discs was measured on a CARY 400 Bio UVvisible spectrophotometer in N2.
3. Results and Discussion 3.1. MA-NB Co-and Terpolymerization Kinetics as Studied by in situ 'H NMR Analysis In addition to the monomer consumption (and polymer formation) our ' H NMR technique can monitor AIBN decomposition very well. Its low concentration is partly compensated by the large number of equivalent protons (twelve) in one molecule. The CH3 resonance of AIBN is well separated from the NB peaks and its decomposition and conversion to 1,1,2,2-tetramethylsuccinodinitrile (singlet at 1.48 ppm, 12 protons) through primary radical recombination and to isobutyronitrile (doublet at 1.25 ppm, 6 protons) through primary radical disproportionation can be monitored at least in the early stage of polymerization formation is still low.
where polymer 3.1.1. Copolymerization In copolymerization of MA (0.87 mol/L) and NB (0.86 mol/L) with AIBN (3.0 mol%) at 84 °C, both monomers were consumed at about the same rate and the consumption ceased after about 300 min, at which time AIBN had been exhausted ( Figure 1 ). The copolymer yield (calculated from the monomer consumption) reached N 65 wt% after about 300 min and the MA concentration in the copolymer at the maximum yield was estimated to be 57 %. This value is close to the commonly believed value of 50 % but our inversegated 13C NMR studies on many copolymers of MA with NB derivatives made from a 1:1 mixture have indicated that the MA concentration is typically above 50 %, centering around 55 %.
In the case of the feed ratio of MA/NB=30/70 (MA=0.53 mol/L and NB=1.22 mol/L), the rate and amount of monomer consumption were about the same for the two monomers and therefore the feed became enriched with the initially larger component NB from 70 to 85 %. The maximum copolymer yield was 46 %, significantly lower than in the 1:1 feed ratio and the MA incorporation in the copolymer tended to be slightly lower than 50 %. When MA was a major component in the initial feed (MA=l.26 mol/L and NB=0.56 mol/L), MA became more enriched in the reaction mixture from 70 to 95 % due to similar rates and amounts of monomer consumption. In this case the yield reached 60 %, only slightly lower than in the 1:1 feed ratio. The MA incorporation was initially as The feed composition remained constant at about 50/50 and the endo/exo ratio was constant at 75/25 throughout the copolymerization. The copolymer contained about 56 % MA. The substitution did not change the relative reactivities of two monomers but resulted in significant reduction in the copolymer yield (from 60 % to 32 % in this case). Similar observations were made also with other feed ratios. Replacement of the norbornene with tetracyclododecene resulted in further reduction in the yield.
Terpolymerization
Some of the current 193 nm resist polymers are prepared by terpolymerization of MA, NB derivatives, and a homopolymerizable (meth)acrylate under an assumption that MA and NB work as a pair through CT complex formation and that the terpolymer contains an equimolar concentration of MA and NB.4,6,8"2 Composition analysis of such polymers by NMR is difficult. Our NMR kinetics procedure is particularly useful in investigation of the polymerization reactions involving more than two monomers.
The vinyl proton resonances of MA, NB, and (meth)acrylates are well separated. Figure 5 presents 300 MHz ' H NMR spectra of a mixture of NB, MA, and t-butyl methacrylate (TBMA) (initial ratio of 1:1: l ) containing AIBN in dioxane-dg measured after 54 and 1314 min at 84 °C. Rapid polymerization of TBMA is evident. Figure 7 presents the terpolymer composition as a function of time for the same terpolymerization.
In the early stage of polymerization the TBMA incorporation is as high as 60 % and the NB incorporation as low as 12 %. After about 24 hrs a terpolymer consisting of TBMA/MA/NB=41 /37/22 is obtained at about 84 % yield. A similar kinetics behavior was observed when TBMA was replaced with methacrylic acid (MAA). Thus, incorporation of a third homopolymerizable monomer could increase the polymer yield but introduce significant heterogeneity in the polymerization and polymer structure.
In separate experiments, while MA copolymerized with TBMA to form a 35/65 copolymer from a 1: l feed ratio, NB reacted only a little (<5 %) with TBMA, 95 % of which was consumed in 300 min at 84 °C. These studies suggest that the CT mechanism plays an insignificant role.
It is interesting to note, however, that acrylic monomers behave quite differently from methacrylates in terpolymerization with MA and NB. Acrylic monomers such as t-butyl acrylate (TBA) and acrylic acid (AA) are uniformly incorporated in terpotymer throughout the course of polymerization. TBA is consumed faster than MA, which is faster than NB, in 1:1:1 terpolymerization at 70 °C. As Figure 8 Because of the highly uniform mode of incorporation of AA in terpolymer, the AA concentration in the initial feed can be quite low. As demonstrated in Figure 9 AA placed in the feed at only 10 mol% is not depleted at all but slightly increases in concentration to about 15 mol% after overnight polymerization at 70 °C. Thf terpolymer yield calculated from the monome consumption is 76 wt% after 23 hrs and the terpolymer composition hardly changes throughou the entire polymerization period, with only a mino shift occurring in the first 100 min fron MA/NB/AA=44/50/6 to 48/45/7 (the fina composition after 23 hrs; MAINB/AA=48/44/8). Thus, the acrylic monomers are a much better partner than the methacrylic counterparts in radical polymerization involving MA and NB in producing homogeneously random terpolymers. However, it should not be concluded that MA and NB work as a pair through a CT complex formation in the presence of an acrylic monomer.
While TBMA is rapidly consumed and the MA consumption reaches 50 % in less than 100 min of copolymerization at 84 °C, producing a copolymer containing 35 % MA in 80 % yield, l :1 copolymerization of TBMA with NB produces essentially a homopolymer of TBMA with only less than 5 % consumption of NB. Although TBA-MA copolymerization is similar to that of the above-mentioned TBMA-MA binary system, a striking difference has been observed with the TBA-NB copolymerization; while TBA reacts rapidly, reaching 85 % conversion in 400 min at 70 °C, NB also reacts significantly with its consumption reaching 18 %. The higher probability of cross-propagation between NB and TBA in comparison with TBMA could be a reason why acrylic monomers provide more homogeneously random terpolymers in the ternary system involving MA and NB. The higher affinity of acrylic monomers toward NB may be due to their lower electron density and smaller steric hindrance than methacrylic monomers.
These studies indicate that all three monomers, MA, NB, and TBA, could interact independently with each other and disprove the CT complex mechanism. Some of the 193 nm resist polymers employ two (or three) norbornene monomers in polymerization with MA but final terpolymer compositions in terms of the ratio of the two norbornene units have not been determined in many cases due to analytical difficulty. We have applied our NMR technique to investigation of terpolymerization involving two norbornene monomers and MA. Figure 10 presents the time dependence of the feed composition for the ternary system MA/NBINBTBE=49/24/27 at 70 °C. While the MA concentration in feed remains constant at 50 mol%, the unreacted NB concentration becomes gradually and slightly lower (23 to 19 mol%) with NBTBE becoming higher in concentration from 24 to 33 mol%. The terpolymer composition remains constant at MA/NB/NBTBE=51/30/19 after about 400 min of polymerization.
Thus, the ratio of two norbornenes incorporated in terpolymer could be significantly different from the ratio in initial feed. If the concentration of NB is significantly smaller than that of NBTBE in initial feed, the fasterreacting NB could be exhaustively consumed in an early stage of polymerization.
Reactivity Analysis by Mercury Method
The cyclohexyl radical generated by treating cyclohexylmercuric chloride with sodium borohydride in dichloromethane was reacted with MA and NB (Scheme II). The reaction was monitored by GC using t-butylbenzene as an internal standard. Direct competition experiments did not work due to an extremely large reactivity difference between MA and NB; only a MA adduct was formed. MA is highly reactive toward the cyclohexyl radical, 730 times more reactive than styrene.'8 We carried out mass balance experiments19,2o on the system comprising MA and NBTBE. The yield of the cyclohexyl adduct of MA was measured by GC and calibration to be 131 to 85 %, while NBTBE remained mostly unreacted (81-93 %). Thus, it is clear that MA exclusively reacts with the cyclohexyl radical, leaving NBTBE largely unreacted and that the addition of the cyclohexyl radical to a 1:1 CT complex does not constitute a major pathway foi the consumption of the monomers.
UV Absorption of Anhydride
In order to assess the inherent UV absorption at 193 nm associated with the anhydride structure, we have designed and carried out several experiments; 1) screen various anhydridecontaining polymers, 2) add small anhydrides to a transparent polymer film such as poly(methyl methacrylate) (PMMA), 3) induce anhydride formation in transparent carboxylic acid containing polymers, 4) open up anhydride rings, 5) measure UV absorption of small anhydrides in solution, and 4) calculate electronic spectra of anhydrides quantum-mechanically. This paper describes the doping and ring closure experiments.
Small anhydride compounds can easily evaporate (sublime) out during baking. Cyclohexylsuccinic anhydride16 prepared by reacting MA with the cyclohexyl radical as mentioned earlier was dissolved at 26.6 wt% to PMMA in PMA. The spin-cast film baked at 100 °C for 60 sec exhibited rather strong anhydride absorptions in IR ( Figure 11 ) and a significant optical density (OD) of 0.141/µm at 193 nm, while OD for PMMA was about 0.081µm. When the film was further baked at 130 °C for 60 sec, the anhydride IR absorptions were reduced in intensity, indicating evaporation of the anhydride dopant. As a consequence, the film became more transparent at 193 nm (0.077/µm).
This study suggests that the anhydride ring can UV absorption at 193 nm.
contribute to
In the next experiment a terpolymer of MMA, TBMA, and MAA was cast from a PMA solution to a film on a KBr disc, which was baked at 130 °C for 60 sec (Figure 12) . Similarly a terpolymer film on a quartz substrate was baked at 130 °C for 60 sec and was subjected to UV measurement at 193 nm (OD=0.097/tm).
The film was baked at elevated temperatures (170, 175, and 200 °C), resulting in film shrinkage ( Figure 13 ) due to loss of water, methanol, and t-butanol to form a sixmembered anhydride ring, which was accompanied by an increase in OD from 0. An increase in the anhydride concentration results in an increase in UV absorption at 193 nm. However, the effect is not that overpowering.
Although the anhydride structure itself can contribute to some extents to UV absorption of anhydride-containing polymers, polymer end groups seem to play a more significant role in this case due to the low molecular weight (high end group concentration) and facile termination through disproportionation to form conjugated MA-type end groups.
Hydrolysis of Anhydride
The anhydride ring is hydrolytically unstable and can be readily hydrolyzed by base. Thus, MA-NB or other anhydride-containing polymers tend to be contaminated with carboxylic acid due to hydrolysis of anhydride during polymer workup. Figure 15 shows an IR spectrum of a NBTBE-MA copolymer film cast from a freshly prepared PMA solution, which exhibits an carboxylic OH absorption due to unintended hydrolysis. Upon standing at room temperature the hydrolysis proceeds and the polymer solution ages as the IR spectrum in Figure 15 indicates. After one year of storage at room temperature, a significant amount of carboxylic acid is generated through hydrolysis of the anhydride ring.
In consequence, as Figurel6 demonstrates, the film cast from the aged solution dissolves very rapidly at 524 A/sec in CD-26 while the thinning of the film cast from a onerlav old cnlrntinn is small (79 A/see' The anhydride ring in polymer film can be hydrolyzed during aqueous base development, which we have demonstrated through investigation of base hydrolysis under the condition closely mimicking the development process.
A 1" undoped Si wafer was coated with a polymer film and covered with a meniscus of water after baking at 130 °C for 60 sec, on which another undoped Si wafer was placed. Excess water was squeezed out and the sandwich sample was subjected to transmission FT-IR analysis using an undoped Si wafer as a blank. It is generally difficult to run IR in water due to a large absorption obscuring the carbonyl region (Figure 17) .
Fortunately, however, the anhydride IR absorptions appear outside of the water envelope, allowing us to monitor the hydrolysis. In a similar fashion, an IR sample was prepared, replacing water with CD-26. Typically about two minutes elapsed between application of the developer (or pure water) and recording an IR spectrum. As Figure 17 indicates, the anhydride ring was completely hydrolyzed when treated with CD-26 while the ring opening was smaller in a 0.14 N developer.
We believe that aqueous base penetration is the most important step in base hydrolysis of anhydride during development, which is controlled by polarity of the matrix. Thus, the hydrolysis of anhydride during development can increase the development contrast if it is induced selectively only in the exposed regions, which is typically the case because more carboxylic acid is generated through deprotection and more interaction with the developer takes place in the exposed areas. In the case of NB-MA copolymers, however, depending Acrylic monomers are more uniformly incorporated in the polymer in terpolymerization with MA and NB.
When two NB monomers are employed in terpolymerization with MA, the ratios of the two NBs in polymer and initial feed could be significantly different. The reactivity analysis using GC on the basis of the mercury method has confirmed that the CT complex does not play a role in MA-NB copolymerization.
The anhydride functionality has a minor inherent UV absorption at 193 nm, which is compounded with a high concentration of absorbing end groups to make a film of poly(MA-NB) rather opaque at 193 nm.
Poly(MA-NB) tends to be contaminated with carboxylic acid generated by hydrolysis of the anhydride ring during work-up. The anhydride hydrolysis can proceed in a polymer solution even at room temperature (aging), when the system is not dry, resulting in faster dissolution rates upon storage. Unexposed thinning during development could be a problem. IR studies under a condition closely mimicking the development process have demonstrated that the anhydride ring can be hydrolyzed during base development. The anhydride hydrolysis is primarily governed by the polarity of the polymer matrix; when the matrix is polar enough, aqueous base penetrates into the film and hydrolyzes the anhydride. This polaritydependent hydrolysis of anhydride can increase the 
